The surprising discovery that nitrogen-containing bisphosphonates (N-BPs) act via inhibition of the mevalonate-to-cholesterol pathway raised the possibility that esophageal irritation by N-BPs is mechanism-based. We used normal human epidermal keratinocytes (NHEKs) to model N-BP effects on stratified squamous epithelium of the esophagus. The N-BPs alendronate and risedronate inhibited NHEK growth in a dose-dependent manner without inducing apoptosis. N-BPs (30 M) caused accumulation of cells in S phase and increased binucleation (inhibited cytokinesis). Consistent with N-BP inhibition of isoprenylation, geranylgeraniol or farnesol prevented accumulation in S phase. Binucleation was also induced by the 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitor lovastatin and by the squalene synthase inhibitor zaragozic acid A and was prevented by adding low-density lipoprotein. At 300 M, N-BPs reduced expression of cyclin-dependent kinase (cdk) 2 and cdk4 and enhanced expression of p21 waf1 and p27 kip1 and their binding to cdks with corollary hypophosphorylation of retinoblastoma. Lovastatin and zaragozic acid A produced similar effects, except that p21 waf1 expression and binding to cdks was not induced. Growth inhibition, but not binucleation, was also caused by the geranylgeranyl transferase I inhibitor, GGTI-298, which also enhanced cdk2 and cdk4 association with p27 kip1 . These findings are consistent with suppression of epithelial cell growth by N-BPs via inhibition of the mevalonate pathway and the consequent reduction in cholesterol synthesis, which blocks cytokinesis, and in geranylgeranylation, which interferes with progression through the cell cycle.
M, N-BPs reduced expression of cyclin-dependent kinase (cdk) 2 and cdk4 and enhanced expression of p21 waf1 and p27 kip1 and their binding to cdks with corollary hypophosphorylation of retinoblastoma. Lovastatin and zaragozic acid A produced similar effects, except that p21 waf1 expression and binding to cdks was not induced. Growth inhibition, but not binucleation, was also caused by the geranylgeranyl transferase I inhibitor, GGTI-298, which also enhanced cdk2 and cdk4 association with p27 kip1 . These findings are consistent with suppression of epithelial cell growth by N-BPs via inhibition of the mevalonate pathway and the consequent reduction in cholesterol synthesis, which blocks cytokinesis, and in geranylgeranylation, which interferes with progression through the cell cycle.
Skin and esophagus are covered by stratified squamous epithelium, which provides a protective barrier for the underlying tissues. Inhibition of 3-hydroxy-3-methylglutarylcoenzyme A (HMG-CoA) reductase by statins applied topically can lead to barrier disruption (Feingold et al., 1990 (Feingold et al., , 1991 Menon et al., 1992) , which correlates with a low incidence of skin irritation observed in clinical practice (Tobert, 1988) . Bisphosphonates (BPs) are widely used for the prevention and treatment of osteoporosis and other bone diseases. BPs are targeted to bone and after oral administration have only a brief presence in serum, but can cause a low incidence of esophageal irritation, associated with acid reflux and improper dosing (de Groen et al., 1996) . Various studies have examined BP-induced upper gastrointestinal irritation in vivo (Blank et al., 1997; Elliott et al., 1998; Peter et al., 1998a,b; Wallace et al., 1999) . At very high doses, topical but not systemic BP administration can induce gastric lesions in rodents (Elliott et al., 1998) . At clinically relevant doses, esophageal irritation can be elicited in dogs with topical administration of BPs in the presence of simulated gastric juice (pH 2.0) or after prior exposure of the esophagus to acid (Peter et al., 1998a) . BP potency is related to the side chain attached to the geminal carbon in the P-C-P backbone. Similar rank order potency for BP gastrointestinal effects (Peter et al., 1998a,b) and for clinical efficacy suggest that gastrointestinal effects could be mechanism-based. However, at very high doses (300-to 900-fold above clinical dosing), nitrogen-containing bisphosphonates (N-BPs) were shown to cause various degrees of gastric irritation when administered to rodents for short periods of time in the presence of indomethacin (Blank et al., 1997; Elliott et al., 1998) . Rat gastric epithelial necrosis was also observed within 30 min of appli-cation of N-BP in the absence of indomethacin at doses Ն200-fold, but not Յ100-fold, above clinical oral dosing (Wallace et al., 1999) . This leaves open the question of whether the N-BPs cause irritation via chemical toxicity or through the same mechanism by which bone resorption is suppressed (i.e., inhibition of the mevalonate pathway).
N-BPs [e.g., alendronate (ALN), pamidronate, risedronate (RIS), ibandronate, and olpadronate] contain a side-chain nitrogen that is separated from the geminal carbon by two or three carbon atoms. These, but not BPs lacking nitrogen, act via inhibition of farnesyl diphosphate (FPP) synthase in the mevalonate to cholesterol pathway (Amin et al., 1992; Luckman et al., 1998; Benford et al., 1999; Fisher et al., 1999; Reszka et al., 1999 , van Beek et al., 1999a Bergstrom et al., 2000) . In this regard, the presence of a nitrogen atom in the BP seems sufficient to confer inhibitory action, without regard to whether it is in the form of a primary, secondary (pyridinyl), or tertiary amine. Although inhibition of FPP synthase or HMG-CoA reductase blocks, among others, cholesterol biosynthesis and protein isoprenylation (farnesylation and two types of geranylgeranylation), only geranylgeranylation seems to be rate-limiting for inhibition of bone resorption (Fisher et al., 1999; van Beek et al., 1999a) . N-BP induction of apoptosis in osteoclasts and other cells is also caused by inhibition of protein isoprenylation (Luckman et al., 1998; Shipman et al., 1998; Benford et al., 1999; Reszka et al., 1999) , required for the function of such key regulatory proteins as Ras, Rac, Rho, cdc42 etc.
To examine whether N-BP gastrointestinal effects are based on inhibition of FPP synthase, we studied the effects of ALN and RIS, dosed at clinically-relevant concentrations (Յ 300 M), on normal human epidermal keratinocytes (NHEKs), a model system for stratum basale of the stratified squamous epithelium that covers both skin and the esophagus. Contrary to previous observations in osteoclasts, and other cells (Hughes et al., 1995; Luckman et al., 1998; Shipman et al., 1998; Benford et al., 1999; Reszka et al., 1999) , ALN and RIS did not induce apoptosis but instead inhibited proliferation in a dose-dependent manner. This effect correlated with the complete block of retinoblastoma (pRb) phosphorylation at 300 M, where full growth arrest was observed. Growth inhibition was prevented by addition of downstream metabolites and, in most regards, mimicked by the HMG-CoA reductase inhibitor, lovastatin (LOV). ALN and RIS induced expression of both p21 waf1 and p27 kip1 and enhanced their binding to cdks 2 and 4. An analysis of N-BP effects on growth, cell cycle markers and protein isoprenylation in NHEKs is presented in this study.
Materials and Methods
Keratinocyte Proliferation. NHEKs (Clonetics, Walkersville, MD), seeded at 5000/well in CytoStar scintillating microplates (Amersham Pharmacia Biotech Inc., Piscataway, NJ), were grown in keratinocyte growth medium (KGM; Clonetics) for 24 h. Media were then changed and [
14 C]thymidine (NEN, Boston, MA) was added at 0.5 Ci/ml along with indicated pharmacological agents (all synthesized or purified at Merck and Co., Inc., West Point, PA), tested in triplicate. Radioactivity incorporated at 37°C was measured at 24-h intervals for 3 days using a TopCount NTX microplate scintillation counter (Packard, Meriden, CT). Results were analyzed using ANOVA factorial method (SAS Institute Inc., Cary, NC).
NHEK Binucleation
Assay. NHEKs (20,000/well) were grown in 24-well plates in KGM for 24 h, after which indicated (legend to Fig.  3 ) (duplicate) treatments lasted 48 h. Cells were then fixed in 10% formaldehyde in PBS. Nuclei were stained with Hoechst 33342 (Sigma, St. Louis, MO) (5 g/ml in PBS with 0.1% Triton X-100) for 10 min. Cells were counter-stained with Eosin Y (1%) for 5 min, then mounted using SlowFade Light mounting medium (Molecular Probes, Eugene, OR). Three microscopic fields of each well were photographed under phase contrast and then ultraviolet illumination. Binucleation was quantified in phase contrast photographs and verified by comparison with UV images. Results were analyzed using ANOVA.
Cell Cycle/DNA Fluorescence-Activated Cell Sorting (FACS) Analysis. NHEKs were seeded (100,000 cells/6 cm dish) in KGM and grown 24 h. Treatments lasted 48 h to allow depletion of intracellular pools of isoprenoids and subsequent growth arrest. Cells were released with trypsin/EDTA (Clonetics) and then fixed in 70% ethanol at Ϫ20°C overnight. It is notable that NHEKs treated 72 h with ALN or RIS adhered tightly to the tissue culture plastic and could not be detached with trypsin/EDTA for analysis (data not shown). Fixed cells were treated with Rnase A (100 g/ml in H 2 O; Boehringer Mannheim, Germany) for 5 min at room temperature, and then propidium iodide (50 g/ml; Sigma, St. Louis, MO) was added for an additional Ն30 min at room temperature. Cells (20,000 cells/group) were sorted by FACS (FACSCalibur; Becton Dickenson, San Jose, CA), using 488 nm excitation, recording emitted fluorescence at Ͼ620 nm. Triplicate data were analyzed by ModFit LT (Verity Software House Inc., Topsham, ME) and ANOVA.
Immunoprecipitation and Immunoblot Analyses. NHEKs (20-25% confluence) were grown for 24 to 48 h in KGM. Cells were then treated with indicated compounds for indicated times. Cells were then washed twice with HBS (at 4°C): 50 mM HEPES, pH 7.6, 1 mM NaF, 150 mM NaCl, 1 mM EGTA, and then lysed in HBS supplemented with 1 M Microcystin LR, 1 mM Na 3 VO 4 , 1 M dithiothreitol, 20 g/ml 1,10-phenanthrolene, 0.1% Triton X-100, and 1 % protease inhibitor cocktail (Sigma) with the following final concentrations: 240 g/ml 4-(2-aminoethyl)-benzenesulfonyl fluoride, 5 g/ml epoxysuccinyl-L-leucylamido (4-guanido)butane, 14 g/ml bestatin, 10.5 g/ml leupeptin, 5 g/ml aprotinin, and 10.5 g/ml pepstatin A. Lysates were sonicated in an ice water bath for 20 min, and insoluble material was pelleted by microcentrifugation. For analysis of crude lysates, samples were boiled in Laemmli sample buffer (Bio-Rad) supplemented with 5% ␤-mercaptoethanol and the above protease inhibitor cocktail at a 10-fold higher concentration. For immunoprecipitations, 250 to 400 g of lysate were suspended in 1 ml of HBS-Tween buffer (HBS lysis buffer with 0.05% Tween 20 substituted for Triton X-100). Anti-cdk2 (goat), -cdk4 (goat), or Rap1 (rabbit) polyclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) were added at 3 to 4 g/ml, along with Protein G-(goat) or A-(rabbit) conjugated agarose (Sigma). After mixing overnight at 4°C, immunoprecipitates were washed twice with HBS-Tween buffer before boiling. Immunoblot analyses were performed using standard techniques. The following antibodies were used as probes: anti-pRb, -p21 (both mouse), and -cdk4 (rat) monoclonal (Pharmingen, San Diego, CA); anti-cdk2 and -p53 (mouse) monoclonal, anti-p57 skp2 and -Rap1A (goat) polyclonal, and anti-Rap1 (rabbit) polyclonal (Santa Cruz Biotechnology); anti-Ras and anti-p27 skp1 (mouse) monoclonal (Transduction Laboratories, San Diego, CA); and anti-hDNAJ (mouse) monoclonal (NeoMarkers, Union City, CA). Antibodies were diluted 1:1000 in Tris-buffered saline/Tween: 10 mM Tris-HCl, pH 7.6, 150 mM NaCl, 0.05% Tween 20, supplemented with 0.1% (w/v) bovine serum albumin, and 0.02% NaN 3 . Alkaline-phosphatase-conjugated secondary anti-mouse, -rat, -goat, or -rabbit antibodies were used at 1:10,000. After washing, blots were developed using a STORM860 (Molecular Dynamics, Hercules, CA).
Results

N-BPs and Inhibitors of Cholesterol Biosynthesis and of Isoprenylation Inhibit Keratinocyte Growth.
Using primary NHEK cultures as a model for the stratified squamous epithelium that lines the esophagus, we found that in contrast to N-BP effects on osteoclasts, ALN or RIS (10-300 M) did not cause apoptosis, cell detachment, or activation of stress-responsive kinases (data not shown). Instead, N-BPs dose dependently inhibited cell proliferation, measured by [ 14 C]thymidine incorporation ( Fig. 1 A and B) and cell number or protein mass (data not shown). Significant inhibition of NHEK growth was observed at 30 M ALN (47% of control) or 10 M RIS (59% of control), with complete inhibition at 100 to 300 M; these concentrations are comparable with those reached in the stomach (or during esophageal reflux) at clinical dosing (150-300 M at 5-10 mg oral dose). Effects on cell growth were reversed by removal of bisphosphonate (data not shown). 
Downloaded from
To examine whether inhibition of the mevalonate pathway suppresses NHEK growth, the cells were treated with the HMG-CoA reductase inhibitor LOV (Fig. 1C) . LOV dosedependently inhibited NHEK growth starting at 0.3 M (47% of control). The squalene synthase inhibitor zaragozic acid A (Zara-A; Fig. 1D ), the geranylgeranylation inhibitor GGTI-298 (McGuire et al., 1996; Fig. 1E) , and a potent and selective farnesyl transferase inhibitor FTI-1 (Williams et al., 1999; Fig. 1F) were used to investigate the relative contributions of the three branch pathways downstream of FPP synthase. The effects of Zara-A (28% of control at 1 M) and GGTI-298 (51% of control at 3 M) were more pronounced than those of the FTI-1 inhibitor (69% of control at 3 M), which was effective only well above the farnesyl transferase inhibitory concentrations (see below). At 10 M, GGTI-298 inhibition of growth was maximal (18% of control) but also caused accumulation of nonadherent, potentially apoptotic cells (data not shown). Significant cell detachment was not observed with any other treatment.
N-BPs Inhibit Protein Isoprenylation in NHEKs. The absence of cell detachment, of apoptosis, or of necrosis suggested that chemical toxicity did not occur at growth inhibitory doses of N-BP. We therefore examined whether the dose of N-BP necessary to inhibit geranylgeranylation in NHEKs ( Fig.  2A ) was comparable with that required for growth inhibition (Fig. 1) . To detect inhibition of geranylgeranylation, we used an anti-Rap1A antibody that preferentially binds to the nongeranylgeranylated, slower migrating form of this small GTPase (Fig. 2, A and B) . A nonselective anti-Rap1 antibody used to probe crude lysates (Fig. 2B, left) detected both the fastermigrating prenylated Rap1 band in control and the slowermigrating nongeranylgeranylated band (caused by the retention of three C-terminal amino acid residues normally cleaved after isoprenylation) in response to treatment with ALN, RIS, Fig. 2 . Effects of N-BPs and other mevalonate pathway and isoprenylation inhibitors on geranylgeranylation and farnesylation. NHEKS were grown with indicated compounds at indicated concentrations for 24 h (A and B) or 72 h (C) and then isoprenylation markers were examined by immunoblot analysis as described under Materials and Methods. Rap1 geranylgeranylation. A, anti-(unprenylated) Rap1A immunoblot of crude lysates from untreated NHEKs and NHEKs treated with ALN, RIS, or GGTI-298 at indicated concentrations. B, anti-Rap1 immunoblot of crude lysates and anti-(unprenylated) Rap1A immunoprecipitates with indicated treatments. Lanes were loaded with crude lysate (10 g) or immunoprecipitates (from 100 g of lysate) from untreated NHEKs or NHEKs treated with ALN (300 M), RIS (300 M), or GGTI-298 (3 M). Note that whereas anti-Rap1 recognizes in crude lysates both geranylgeranylated Rap1 (faster migrating band) and ungeranylgeranylated Rap1 (slower migrating band), antiRap1A immunoprecipitates only the unprenylated form. C, anti-hDNAJ and anti-Ras (farnesylation markers), along with anti-unprenylated Rap1A and anti-Rap1 (geranylgeranylation markers) were used, as indicated to the left of each panel, to probe immunoblots of crude lysates of untreated NHEKs and NHEKs treated as follows: ALN (300 M), RIS (300 M), LOV (3 M), Zara-A (3 M), FTI-1 (0.3 M), and GGTI-298 (3 M). For anti-hDNAJ, -Ras, and -Rap1 immunoblots, the unprenylated form of each respective protein migrates more slowly than the fully processed form as indicated to the right of each panel. Note that the band-shift for hDNAJ (50 kDa) is more subtle than for Ras (21 kDa). Data are representative of Ն4 experiments.
or GGTI-298. Immunoprecipitation with the preferential antiRap1A antibody resulted in purification of only the slowermigrating (nongeranylgeranylated) band, detected by the nonselective antibody in immunoblot analyses (Fig. 2B, right) . Probing crude lysates with the antibody against nongeranylgeranylated Rap1A proved to be the most sensitive method for detecting N-BP effects ( Fig. 2A) . ALN and RIS dose dependently inhibited geranylgeranylation, starting at 30 M and 10 M, respectively ( Fig. 2A) , concentrations identical to those that inhibited growth (arrows in Fig. 2A point to lowest concentrations that inhibited growth). GGTI-298 inhibited Rap1A geranylgeranylation with an IC 50 value between 0.3 and 1 M ( Fig. 2A ) compared with the IC 50 for growth inhibition of 3 M, where geranylgeranylation was maximally inhibited.
Farnesylation was measured by examining the heat shock protein hDNAJ, and the small GTPase, Ras (Fig. 2C ). As noted above, the nonfarnesylated forms of these proteins show reduced migration during electrophoresis. Farnesylation was inhibited by ALN and RIS, affecting Ras more extensively than hDNAJ. To test whether the different degree of farnesylation inhibition could be caused by turnover or specific pools of these proteins, we also examined the effects of LOV (3 M), FTI-1 (0.3 M), and GGTI-298 (3 M) (Fig. 2C ) on isoprenylation. FTI-1 at 0.3 M completely inhibited farnesylation of both hDNAJ and Ras, showing that protein turnover was sufficient to generate a sizable pool of unprenylated protein. GGTI-298 was not as selective as FTI-1 and modestly inhibited farnesylation of hDNAJ and Ras at the growth-inhibitory concentration of 3 M. Mixtures of FTI-1 and GGTI-298 at several doses did not alter the growth response to GGTI-298 (data not shown). As predicted, Zara-A (3 M) did not affect isoprenylation of any marker.
Surprisingly, although LOV inhibited Rap1A geranylgeranylation to the same extent as ALN and RIS (Fig. 2C , bottom), it had little effect on either hDNAJ or Ras farnesylation. Indeed, the rank order of selectivity for inhibition of farnesylation was FTI-1 Ͼ Ͼ Ͼ RIS ϭ ALN Ͼ GGTI-298 Ն LOV, whereas selectivity for inhibition of geranylgeranylation was GGTI-298 Ն LOV Ͼ ALN ϭ RIS with FTI-1 inactive. These findings confirm the pharmacological activity of these agents on protein isoprenylation and suggest preference of LOV for inhibition of geranylgeranylation, via mechanism(s) which require further study.
N-BPs Inhibition of Cholesterol Biosynthesis Induces NHEK Binucleation. Phase-contrast microscopy, verified by Hoechst nuclear staining, showed that 1.8% of cells in untreated controls were binucleated (Fig. 3A, arrows) . The fraction of binucleated cells increased to 11.3% in cells treated with 1 M LOV (Fig. 3B) , to 8.4% with 30 M RIS (Fig. 3C) , to 7.3% with 30 M ALN (Fig. 3E) , and to 10.6% with1 M Zara-A (Fig. 3G) . This 4-to 6-fold increase in binucleation (p Ͻ 0.0001 versus control for each treatment) suggests that these agents blocked cytokinesis. Nonsignificant accumulation of binucleated cells (versus control) was observed after treatment with GGTI-298 (4.1% at 3 M; Fig.  3F ) or N-BPs at 300 M (data not shown), possibly because of arrest in G 1 by the latter (see below).
Because only the agents that inhibited cholesterol synthesis induced binucleation, we added low-density lipoprotein (LDL; 500 g/ml) as a source of cholesterol to the medium (which otherwise lacks lipoprotein) of cells treated with ei- ther ALN (30 M, Fig. 3F ) or Zara-A (1 M, Fig. 3H ) in an attempt to rescue this phenotype. In two of five experiments, LDL seemed toxic to the cells (data not shown); in the remaining three experiments, however, LDL blocked accumulation of binucleated cells induced by 30 M ALN (3.2% binucleated, p Ͻ 0.003 versus ALN, not significant versus control) or by 1 M Zara-A (3.6% binucleated, p Ͻ 0.0001 versus Zara-A, not significant versus control). LDL increased cell number to control levels in the presence of Zara-A, but not ALN (data not shown), most likely because of its additional inhibition of geranylgeranylation. [
14 C]thymidine incorporation experiments with LDL and ALN confirmed these findings (not significant versus ALN; data not shown), suggesting that inhibition of cholesterol biosynthesis by either agent was sufficient to inhibit growth but could not fully (Table 1 and Fig. 4) . In control cultures, 63% of NHEKs had 2n (G 1 /G 0 ) DNA content, 15% had 4n (G 2 /M) DNA content, and 22% had 2n Ͻ DNA Ͻ 4n (S phase). Cells treated with either ALN or RIS showed comparable concentration-dependent shifts in DNA profile (Table 1) . At 30 M, ALN and RIS caused the largest (2.1-to 2.6-fold) increase in the number of cells in S phase, accompanied by reductions in cells in G 1 /G 0 and G 2 /M. Because N-BPs cause only partial growth inhibition at 30 M, this represents a reduction in the rate of transit through S phase rather than a complete arrest. Consistent with strong effects on binucleation, LOV or Zara-A nearly doubled the number of cells in G 2 /M.
At 300 M N-BP, most cells were found to be in G 0 /G 1 (Table 1) . Indeed, the FACS profile was nearly indistinguishable from that of control. Because these cells were not growing, this suggests arrest in several phases of the cell cycle, the most prominent being G 0 /G 1 , probably because of the presence of most cells in this phase before addition of the N-BPs. NHEK populations treated with GGTI-298 showed a significant decline in cells in G 2 /M with relatively little impact on G 0 /G 1 or S phases. Consistent with mild effects on growth, FTI-1 did not significantly impact the FACS DNA profile.
Because replenishment of cholesterol was only partially effective in restoring cell growth inhibited by ALN, we next tested whether N-BP effects could be prevented by adding geranylgeraniol (GGOH) or farnesol (FOH), which can be converted to mevalonate pathway intermediates and prevent the reduction in isoprenylation. However, GGOH and FOH inhibit choline phosphotransferase (Miquel et al., 1998) , which was rate-limiting for NHEK growth. Therefore, phosphatidylcholine was also added to each culture (40 g/ml) and did not seem to alter the response to N-BP treatment. ALN reduced the number of cells with G 1 /G 0 DNA content by 39% compared with control but increased the population of cells in S phase by 1.9-fold (Fig. 4, inset table) . Addition of either GGOH or FOH increased the number of cells in G 1 /G 0 , and reduced the number of cells in S phase, resulting in a profile comparable with that of control (Fig. 4) .
Effects of GGOH and FOH (in the presence of phosphatidylcholine) on cell proliferation inhibited by ALN (30 M) were also examined. Figure 5 shows averaged values from two independent 72 h experiments (performed in triplicate), in which relative incorporation of [ 14 C]thymidine was increased by the addition of GGOH to ALN-treated cells from 39 to 54% at 48 h and 23 to 38% at 72 h. Addition of GGOH plus FOH further increased [
14 C]thymidine incorporation to 65 and 50% (p Ͻ 0.05) at 48 and 72 h, respectively. These findings support the conclusion that ALN inhibition of growth is caused by suppression of isoprenylation. In further experiments, LDL was combined with FOH or GGOH in the absence or presence of ALN in attempts to replenish cholesterol. However LDL on its own was found to produce some toxicity and in combination with GGOH was more toxic. LDL by itself reduced [ 14 C]thymidine incorporation by 17% and with GGOH by 30%. More pronounced cytotoxicity and growth suppression in the presence of the other lipid additions thus interfered with the possibility of conducting this reconstitution experiment, resulting in thymidine incorporation below that achieved with ALN alone. In an separate triplicate experiment, neither FOH nor GGOH increased [ 14 C]thymidine incorporation inhibited by Zara-A.
Mevalonate Pathway and Geranylgeranylation Inhibitors Induce Hypophosphorylation of pRb, via Effects on Cyclin-Dependent Kinases (cdks) and Their
Inhibitors. Progression through the cell cycle involves several checkpoints, regulated in part by pRb, which is under the control of cdks. GGTI-298 was previously shown to reduce, but not eliminate, phosphorylation of pRb in human tumor cells (Sun et al., 1999) . N-BP effects on cell cycle regulators were studied at 300 M, which caused most cells to arrest in G 1 where pRb acts. Treatment with ALN, RIS, LOV, and Zara-A resulted in essentially complete hypophosphorylation of pRb (Fig. 6A ) and reduced its overall expression by approximately 50%. GGTI-298 caused a milder pRb hypophosphorylation than was observed with the cholesterolblocking agents, whereas treatment with FTI-1 had little effect.
Changes in cdks, which phosphorylate pRb, and in cdk inhibitors and activators (Fig. 6A ) were all consistent with the hypophosphorylation of pRb. Interestingly there was a (Bai et al., 1996 , Yu et al., 1999 , was reduced upon treatment with ALN, RIS, LOV, Zara-A, and to a lesser extent, GGTI-298 and FTI-1. Interestingly, expression of the cdk inhibitor, p21 waf1 , was increased approximately 2-fold by ALN or RIS, but not by the other treatments. Indeed, treatment with LOV or Zara-A consistently reduced p21 waf1 expression. This provided a second example of the inability of LOV to fully mimic the activity of the N-BPs. Expression of the cdk inhibitor, p27
kip1 , but not p57 , was increased by ALN, RIS, Zara-A, and, to a lesser extent, LOV and GGTI-298, but not by FTI-1. Interestingly, expression of p53 was reduced by up to 70% after treatment with ALN, RIS, LOV, or Zara-A, but not GGTI-298 or FTI-1 (Fig. 6A) . This is consistent with N-BP inhibition of growth in the absence of NHEK apoptosis.
A second parameter that may control phosphorylation of pRb and progression through the cell cycle is the association between cdks and their inhibitors. We analyzed this interaction by coimmunoprecipitation. In pull-down experiments, association of p21 waf1 or p27 kip1 with cdk4 ( Fig. 6B ) and cdk2 (Fig. 6C) , measured as precipitated kinase relative to coprecipitated inhibitor, was increased approximately 2-to 4-fold as follows: 1) p21 waf1 association with cdk4 ( Fig. 6B ) after ALN or RIS but not LOV, Zara-A, FTI-1 or GGTI-298 treatment; 2) p27 kip1 association with cdk4 ( Fig. 5B ) after all treatments; 3) p21 waf1 association with cdk2 ( Fig. 6C) after ALN, RIS, FTI-1 or GGTI-298, but not LOV or Zara-A; and 4) p27 kip1 association with cdk2 ( Fig. 6C ) after all treatments, except Zara-A.
Discussion
We and others have recently shown that N-BPs inhibit the mevalonate pathway in osteoclasts (Fisher et al., 1999; Reszka et al., 1999; van Beek et al., 1999a; Bergstrom et al., 2000) , thus reducing isoprenylation and cholesterol biosynthesis and causing inhibition of bone resorption and induction of osteoclast apoptosis. Geranylgeranyl diphosphate was rate-limiting for these effects. In this study, we used primary NHEK cultures as a model system to investigate possible mechanism-based effects of N-BPs, at clinically relevant concentrations, on the esophagus. The esophagus, similar to skin, is lined by stratified squamous epithelium, consisting of an upper, terminally differentiated layer (stratum corneum) nearest to the lumen, an adjacent differentiating layer (stratum spinosum) and a growing layer (stratum basale). Stratum corneum is continually replaced through growth and differentiation within the underlying strata. Cells of the stra- tum basale likely encounter BP at concentrations lower than those within the lumen after gastric reflux unless local damage exposes the underlying strata. In our model, ALN and RIS suppressed NHEK growth in a dose-dependent manner, beginning at approximately 10% of the concentration found in the stomach or esophageal reflux after clinical dosing. Growth effects were maximal as N-BP concentrations approached the highest clinically relevant dose. The findings suggest that ALN and RIS inhibit NHEK growth primarily by acting on the mevalonate pathway, thus blocking cholesterol synthesis and geranylgeranylation. These conclusions are further supported by the absence of apoptosis and necrosis and by the partial prevention of N-BP-induced effects after restoration of the downstream metabolites geranylgeranyl and farnesyl diphosphates and cholesterol.
ALN and RIS acted very similarly to each other, and in some respects differently from the other pathway inhibitors used, in inhibiting isoprenylation of Rap1A, hDNAJ, and Ras, consistent with their identical target in the inhibition of the mevalonate pathway, farnesyl diphosphate synthase. Their similar dose response for inhibition of geranylgeranylation and NHEK growth further supports the hypothesis that the observed growth suppression is caused by inhibition of the mevalonate pathway. Accordingly, LOV, the inhibitor of HMG-CoA reductase (upstream in the mevalonate pathway), mimicked the N-BP effects on NHEK growth, consistent with previously described LOV effects on stratified squamous epithelium of the skin. LOV effects on Rap1A geranylgeranylation were comparable with those of the NBPs; unexpectedly, however, LOV effects on hDNAJ and Ras farnesylation were minimal. The consistent inhibition of geranylgeranylation by N-BP and LOV, minimal effects of the farnesylation inhibitor FTI-1 on NHEK growth, and greater impact of GGOH than FOH on cell growth indicate that geranylgeranylated, more than farnesylated, proteins regulate NHEK growth control.
Preferential isoprenylation effects of LOV are interesting and require further study. Isoprenylation occurs immediately after protein synthesis. The ability of FTI-1 to completely block farnesylation of both hDNAJ and Ras (under similar conditions LOV did not) should rule out the possibility that protein turnover rates were insufficient for detecting LOV inhibition of farnesylation. Isoprenylation inhibition by N-BPs or LOV is indirect, mediated through inhibition of upstream enzymes. Different types of inhibitors may therefore have different effects on the available pools of isoprenylation intermediates. Thus, unlike with GGTI or FTI, measurement of protein isoprenylation in the presence of these agents is useful but cannot be used as a complete measure of the impact of N-BPs or LOV on this metabolic pathway. At any rate, the similar nature of ALN and RIS effects on farnesylation and geranylgeranylation verify that these two N-BPs act via a common mechanism and generate an unique pool of metabolites that is different from that generated by LOV.
Using downstream branch pathway inhibitors we found that Zara-A and GGTI-298 mimicked N-BP effects on NHEK growth to a far greater extent than FTI-1, suggesting again that cholesterol synthesis and geranylgeranylation were more important. Furthermore, the data indicate that N-BP inhibition of cholesterol synthesis and geranylgeranylation have additive effects on growth, although geranylgeranylation seems to play a greater role. In osteoclasts (nonproliferative, terminally differentiated cells), suppression of geranylgeranylation alone was rate-limiting and led to inhibition of bone resorption and induction of apoptosis (Fisher et al., 1999; Reszka et al., 1999; van Beek et al., 1999a) . Bergstrom et al. (2000) reported a low incorporation of mevalonate into nonsaponifiable lipids in the osteoclast, possibly because of a sizable pre-existing intracellular pool of cholesterol, which might reduce the impact of N-BPs on this branch pathway.
Effects on binucleation suggested that ALN and RIS, at lower doses, interfered with the late stages of mitosis, primarily cytokinesis. LOV and Zara-A also induced binucleation and accordingly increased the number of cells in G 2 /M. The latter was not observed with ALN and RIS, probably because of more prominent effects on earlier phases of the cell cycle. Comparison of cell cycle and binucleation data suggests that the majority of cells containing 4n DNA may be binucleated (61% for ALN and 88% for RIS versus 13% in controls cells), although aberrant binucleation occurring within the 2n population is possible. The prevention of ALN and Zara-A effects on binucleation by LDL suggest that binucleation was caused primarily by suppression of cholesterol biosynthesis. This is consistent with a previous report that the HMG-CoA reductase inhibitor synvinolin arrests procyclic Trypanosoma brucei at cytokinesis (Coppens and Courtoy, 1995) .
A second prominent effect produced by N-BPs (at 30 M) was a reduced transit through S phase observed by FACS analyses. This effect was not seen in NHEKs after treatment with GGTI-298, yet when induced by N-BP was prevented by addition of GGOH, suggesting that inhibition of geranylgeranylation was necessary but not sufficient to generate this effect. FOH also blocked accumulation of NHEKs in S phase but without increasing thymidine incorporation unless GGOH was also added. Partial recovery of thymidine incorporation by added FOH and GGOH could not be further increased by LDL, which reduced thymidine incorporation, especially when added with GGOH. The reason for this remains to be investigated. However, LDL addition reduced binucleation (interference with cytokinesis), a major effect of reduced cholesterol, as indicated by Zara-A treatment. Given that each growth-related phenotype was restored by the relevant metabolites, the preponderance of the evidence suggests that the growth characteristics elicited by N-BP were primarily caused by inhibition of FPP synthase. The S phase may represent the most sensitive point in the cell cycle for N-BP action. Consistent with this conclusion, previous studies have shown that the N-BP incadronate, as well as the HMG-CoA reductase inhibitor mevastatin, arrest myeloma cell growth in S phase, in addition to inducing apoptosis (Shipman et al., 1997; Aparicio et al., 1998) . In other cells, GGTI and LOV arrested in G 1 (Vogt et al., 1997 (Vogt et al., , 1999 Rao et al., 1998 Rao et al., , 1999 Naderi et al., 1999) , suggesting cellspecific responses. GGOH was consistently more effective than FOH in blocking N-BP or statin effects (Shipman et al., 1998; Vogt et al., 1999) . The most profound inhibition of NHEK growth was at 300 M N-BP, the estimated maximal concentration in the stomach after clinical dosing. FACS analyses suggested that at this concentration the majority of cells were blocked in G 0 /G 1 . This suggested, and we observed, the hypophosphorylation of pRb, which could block the transition from G 1 to S phase. The subsequent analyses suggest inhibition of pRb phosphorylation via reduction of cdk2 and cdk4 expression coupled to enhanced association with cdk inhibitors, p21 waf1 and p27 kip1 . This was mimicked by LOV. However, as with isoprenylation, the differences between inhibition of HMG-CoA reductase and FPP synthase were manifest in the profile of cdk inhibition. The N-BPs seemed to enhance uniquely the expression of p21 waf1 and its binding to cdk4, whereas N-BP and isoprenylation inhibitors enhanced binding to cdk2. In other studies both statins and GGTI-298 increased p21 waf1 expression or altered association with cdks (Vogt et al., 1997; Lee et al., 1998; Adnane et al., 1998; Rao et al., 1998 Rao et al., , 1999 . In NHEKs, the profile elicited by LOV and Zara-A were most comparable, which may suggest an enhanced cholesterol-dependent phenotype after treatment with LOV. In most other regards, the cdk profile elicited by the N-BPs was best matched to that of Zara-A and LOV and not to that of GGTI-298 or FTI-1.
In summary, our in vitro findings show N-BP inhibition of NHEK growth, used as a model for the stratum basale of the esophagus, caused most likely by inhibition of FPP synthase. The consequent reduction in cholesterol biosynthesis and geranylgeranylation appeared to be rate-limiting. Contrary to N-BP effects on osteoclasts and macrophages (Hughes et al., 1995; Benford et al., 1999; Reszka et al., 1999) , there was no induction of apoptosis. ALN and RIS inhibition of NEHK growth occurred at concentrations that can be present in esophageal reflux after clinical dosing. Because there was a striking similarity in the effects of ALN and RIS on all the changes observed, these findings suggest that esophageal irritation caused by these BPs may be mechanism-based. This could apply to effects observed with other N-BPs used in the clinic (e.g., pamidronate, ibandronate, olpadronate) which also inhibit FPP synthase (van Beek et al., 1999b; Bergstrom et al., 2000) .
